Multiferroic materials, which simultaneously have multiple orderings, hold promise for use in the next generation of memory devices. We report a novel self-assembled MnO double layer forming at the interface between a multiferroic YMnO 3 film and a c-Al 2 O 3 substrate. The crystal structures and the valence states of this MnO double layer were studied by atomically resolved scanning transmission electron microscopy and spectroscopy, as well as density functional theory (DFT) calculations. A new type of charge ordering has been identified within this MnO layer, which also contributes to a polarization along the [001] direction. DFT calculations further establish the occurrence of multiple couplings between charge and lattice in this novel double layer, in addition to the polarization in nearby YMnO 3 single layer. The interface reconstruction reported here creates a new playground for emergent physics, such as giant ferroelectricity and strong magnetoelectric coupling, in manganite systems.
INTRODUCTION
Because numerous physical phenomena may take place at the interfaces, interface science is now an important branch of materials science that has attracted worldwide attention (1, 2) . Driven by the advancement of thin-film deposition techniques, new systems can be created, and the local chemistry, bonding, and electronic environment can be tailored accordingly. A fundamental topic for interface science is atomic and electronic reconstruction, that is, how the lattice, charge, spin, and orbit differ from the bulk at the interface. Materials with partially occupied d orbitals bring about opportunities for extraordinary electronic properties, for example, interfacial high-mobility two-dimensional (2D) electron gases and superconductivity (3, 4) . Recent studies on multiferroics also focused on artificial delicate interfaces, especially in some hexagonal systems. Typical examples include the room-temperature magnetoelectric coupling in the LuFeO 3 /LuFe 2 O 4 superlattice (5) .
YMnO 3 is the prototype of hexagonal multiferroics, such as RMnO 3 and RFeO 3 (R: rare earth, Sc, and In), which have trimerizationmediated (6) magnetoelectric coupling between geometric ferroelectricity and frustrated antiferromagnetism (7, 8) . YMnO 3 has strongly correlated electrons that can possibly combine diverse functionalities (6) . Its electron-electron and electron-lattice interactions may result in novel phenomena at the symmetry-breaking areas such as surfaces, interfaces, domain walls, and vortex cores (9) (10) (11) (12) (13) (14) (15) . As a member of YMnO 3 -type multiferroics, h-LuFeO 3 (having the P6 3 cm space group) has a crystal structure very similar with YMnO 3 (16) , and in the bulk phase, its polymorph, LuFe 2 O 4 [of the R 3mspace group], has been experimentally and theoretically proven to be stable (17) . The latter compound, LuFe 2 O 4 , consists of FeO double layers, each of which contains two triangular Fe-O planes and is separated by Lu-O planes. LuFe 2 O 4 is known for its charge ordering (CO)-induced ferroelectricity, with an Fe 2+ /Fe 3+ ratio of 2:1 in one sublayer and an Fe 2+ /Fe 3+ ratio of 1:2 in another sublayer (5, 18) . Its long-range ordering features, as well-defined states, have also been studied and analyzed from layered structures to 3D configurations (19, 20) . Because of the fact that both h-LuFeO 3 and LuFe 2 O 4 , as well as their superlattices, can be stabilized, one may thus wonder whether a MnO double layer can exist in the hexagonal manganite systems. A positive answer to this question may extend the range of multiferroic candidates and lead to novel magnetoelectric couplings.
Here, YMnO 3 films are grown on Al 2 O 3 substrates by pulsed laser deposition (PLD) method, and some physical properties of these films can be found elsewhere (10) . Delicate interfacial structures of YMnO 3 film/c-Al 2 O 3 substrate were finely investigated at atomic scale with help of spherical aberration-corrected scanning transmission electron microscopy (C s -corrected STEM) and electron energy-loss spectroscopy (EELS), as well as density functional theory (DFT) calculations. In contrast to the merely electronic reconstruction reported in perovskite systems (21, 22) , both electronic and structural reconstructions are found at the interface of YMnO 3 /Al 2 O 3 system. Specifically, a MnO double layer has been identified at the interface, and careful inspection reveals that the atomic structure of MnO double layer is very similar to FeO double layer in LuFe 2 O 4 , constructing a formula unit-thick syntactic layer of YMn 2 O 4 . A new type of CO within the reconstructed MnO double layer has been revealed by both EELS and DFT calculations. Our results establish the close correlation between charge and lattice, suggesting the tenability of functionalities by interfacial reconstruction in hexagonal multiferroic films.
RESULTS
The atomic models of polarized YMnO 3 Figure 1A shows the low-magnification bright-field transmission electron microscopy (TEM) image for the YMnO 3 thin film. The interface between the YMnO 3 film and Al 2 O 3 substrate is sharp and straight. The different contrast within the thin film is caused by inplane rotation of the film, as discussed in the study of Cheng et al. (10) . High-angle annular dark-field STEM (HAADF-STEM) images of YMnO 3 /Al 2 O 3 interface from [210] and [110] zone axes are shown in Fig. 1 (B and D, respectively). The Miller indexes are defined by the coordinate system of YMnO 3 . The atomic contrast in HAADF image is only sensitive to heavy elements and correlated with the atomic number Z; that is, the heavier element has brighter atomic contrast (23) . Interface between the YMnO 3 film and Al 2 O 3 substrate can be distinguished because the atomic number of Al is much smaller than that of Y and Mn. In the YMnO 3 film, the ferroelectric displacement can be observed at the [110] zone axis. The quantitative result for the ferroelectric polarization values can be found in the Supplementary Materials (11) . The ferroelectric value decreases at the interface but increases to bulk value very soon. The intensity profiles for atomic columns within the blue rectangle areas in Fig. 1 (B and D) can be found in Fig. 1 (C and E, respectively). Positions with higher intensities correspond to rows of Y ions, whereas the relative low intensities are for rows of Mn ions. Anomalously, according to two consecutive low intensities of the columns (framed in a red dashed rectangle), a MnO double layer emerges at the interfaces. The elemental energy-dispersive spectroscopy (EDS) mapping for the interfacial area can be found in the Supplementary Materials.
TEM experiments
To reveal the accurate atomic structures at the interface, especially for the positions of oxygen, annular bright-field (ABF) images were acquired. In contrast to HAADF images, ABF images are sensitive to light elements (24) . Considering the atomic structure of YMnO 3 , the [210] zone axis is more suitable for observing oxygen. As shown in Fig calculated from the extracted L 2,3 area ratios (25) , increase as deviating from the interface. The valence states of Mn ions at the interface have been measured for several times on different positions, and the error bars come from the statistic distributions. However, the valence-state distributions for two interfacial Mn layers show distinct characteristics from the scenario in LuFe 2 O 4 . Only one type of CO has been found in the MnO double layer according to our multiple measurements; that is, the Mn ions with lower valence states are always closer to the substrate. The Mn L 2 edges are aligned horizontally, and chemical shifts on Mn L 3 peaks caused by the variations of valence states are indicated by a gray dashed line in Fig. 2C .
DFT calculations
To explain our experimental results and provide more information, we also performed DFT calculations on a periodic superlattice [( , and four single Y layers (two being termed "Y layer 1" and the other two being denoted as "Y layer 2"). It also satisfies the out-of-plane stacking rule that Y ions should be sandwiched along the c axis between two O ions belonging to the adjacent (001) MnO layers, as shown in Fig. 1 (B and D) and Fig. 4A . In the analysis of the DFT results, particular attention is paid to (i) the polarization occurring inside the YMnO 3 layers, (ii) structural features associated with the MnO double layers, and (iii) various possible COs that may exist in the MnO double layers. As we will demonstrate, items (i) to (iii) are strongly coupled together, implying coupled polarizations and a new type of charge-lattice interaction.
(i) Polarization of the YMnO 3 layers Each of the YMnO 3 layers either has a ratio of 2:1 between Y ions moving up and down along the c axis or a ratio of 1:2 between these two types of Y ions. The first case corresponds to a polarization inside these YMnO 3 layers, P sl , being up, that is, parallel to the c lattice vector. The second case is associated with a polarization pointing down, that is, being antiparallel to the c vector. Note that, as shown in Fig. 4 (B to G) , only the first case is considered here, because P sl pointing down can be deduced from a positive P sl by simple symmetry. Note also that P sl is known to be of improper origin, because it is induced by the K 3 zoneboundary phonon mode or the so-called "trimerization" (the Supplementary Materials provides details about trimerization in our superlattices) (6, 26) .
(ii) Structural features associated with the MnO double layers
It is numerically found that, for our superlattices, each MnO double layer can distort, with the resulting distortion rendering the Mn ions of the two sublayers being nonequivalent. One can then distinguish the two different structures by defining one as ST1 and another as ST2. The O ions that are in the same (001) layer with a selected Mn ion are defined as the equatorial O (O eq ) ions of that Mn ion, whereas the O ions that are on top of or below this Mn along the c axis are defined as its topical O (O tp ) ions. In these denotations, ST1 has shorter Mn-O tp bonds in the sublayers 1 than in the sublayers 2, whereas the reversed hierarchy between these Mn-O tp bonds in the sublayers 1 and 2 occurs for ST2, as shown in Fig. 4 (B and C, respectively) . The notation O eq i and O tp i for equatorial and topical ions, for which i = sl, 1 and 2 correspond to the Mn ions being in the single layers, sublayers 1 and sublayers 2, respectively, as shown in Fig. 4A . (iii) COs in the MnO double layers Four types of COs (denoted as CO1, CO2, CO3, and CO4) are considered for the different Mn ions belonging to the MnO double layers. These Mn ions are differentiated by either initially setting their local magnetic moments to be 5 m B (which corresponds to the ideal case of Mn 2+ ions) or 4 m B (which is associated with the ideal case of Mn 3+ ions). The initial CO1 (CO2, respectively) arrangement has a ratio of one ideal Mn 2+ ion versus two ideal Mn 3+ ions in sublayers 1 (sublayers 2, respectively) and a ratio of two ideal Mn 2+ ions versus one ideal Mn 3+ ion in sublayers 2 (sublayers 1, respectively). On the other hand, the initial CO3 (CO4, respectively) configuration has only ideal Mn 3+ ions in the sublayers 1 (sublayers 2, respectively) and only Mn 2+ ions in the sublayers 2 (sublayers 1, respectively). Note also that these initial CO configurations are then allowed to relax both structurally (implying that some CO configurations can become unstable) and magnetically (leading to magnetic moments of the Mn ions having the possibility to deviate from the ideal values of 5 or 4 m B after convergence).
The relaxation of all presently studied configurations (resulting, for example, from the combination of two ST choices with four CO types) yields a predicted ground state that gathers CO3 arrangement, ST1 structure, and a positive P sl polarization, as shown in Fig. 3 (A and  B) . Bader charges are further computed for this ground state (27) , with the resulting valence states of Mn ions in sublayer 1, sublayer 2, and the Mn single layers being +1.60, +1.82, and +1.89, respectively. These values are much smaller than the ideal +2 and +3 charges that Mn ions can have, which is likely due to the ambiguity in dividing volume, but qualitatively agree with our experimental data in Fig. 2D . We will thus continue to denote the ions as Mn 2+ and Mn 3+ in the following text and figures. The charges of Mn can be computed in a different manner, which is by simply subtracting the relaxed magnetic moments of Mn ions from the value of 7 (the number of valence electrons in the presently used Mn pseudopotential). This subtraction gives valence states of +2.53, +3.03, and +3.09 for Mn ions in the sublayer 1, sublayer 2, and the Mn single layer (because the corresponding magnetic moments are 4.47, 3.97, and 3.91 m B , respectively), which also qualitatively agree with our corresponding experimental data and are fully consistent with the CO3 arrangement. One may thus conclude that only the relative values between charges of Mn ions is physical when comparing calculations with experiments, because the predicted absolute values depend on the method used to extract them.
Moreover, in the predicted ground state, the averaged Mn-O tp bond length in sublayer 2 is 2.12 Å, whereas that in sublayer 1 is 1.90 Å (see Fig. 3 , C and D). These numbers confirm that the determined ground state adopts a ST1 structure. Furthermore, it is found that the CO3 arrangement leads to a CO-induced polarization pointing along the c axis in the MnO double layer, which is the same direction than P sl of the single YMnO 3 single layer. The ground state of the studied YMnO 3 / YMn 2 O 4 superlattice thus combines two different types of polarizations, the one of improper nature in YMnO 3 single-layer 1 and the one caused by CO in MnO double layers, in a head-to-tail way as shown in Fig. 4F . Note that this head-to-tail and CO3 arrangements are reported here for the first time in our combined experimental and computational work, because, for example, it was CO1 and CO2 that were observed in LuFe 2 O 4 in the studies of Xiang and Whangbo (28) The expected directions of the CO-induced polarization of the MnO double layers are also depicted in Fig. 4 (D, E, and G) for the CO1, CO2, and CO4 configurations (by means of magenta arrows), respectively, in the case of a ST1 structure and a positive P sl (which is shown by blue arrows). These expected directions are deduced from what is known in LuFe 2 O 4 (6) . For instance, CO1 and CO2 have a polarization in the MnO double layers that is tilted away from the c axis, and combining a CO4 configuration with a positive P sl results in head-to-head (or tailto-tail) polarization patterns between the blue and magenta arrows. However, allowing the relaxation of the CO4 arrangement within ST1 and a positive P sl leads to the transformation toward the predicted ground state, that is, CO3 (rather than CO4) arrangement along with ST1 and a positive P sl . This fact emphasizes that the head-to-tail configuration is energetically preferred over the head-to-head (or tail-totail) patterns, which likely implies that applying and then removing an electric field along the c direction will lead to a transformation from a ground state having a CO3 arrangement and positive P sl to another ground state but having a CO4 configuration with a negative P sl . It is further numerically found that this transformation should also lead to a transition from ST1 to ST2. In other words, the calculations (but also symmetry analysis) show that the two combinations of (i) ST2 with CO4 and a negative P sl and (ii) ST1 with CO3 and a positive P sl yield the same energy, which demonstrates a cross coupling among P sl , CO, and structures and establishes that a new type of charge-lattice effect exists in the YMnO 3 /YMn 2 O 4 systems. We have further checked the polarization dependence of the CO in MnO double layers. As shown in the Supplementary Materials, decreasing the polarization in YMnO 3 will not affect the CO in the MnO double layers.
The fact that the ground state combines ST1 and CO3 (or equivalently, ST2 and CO4) arrangements implies that Mn 2+ ions always have longer Mn-O tp bonds, whereas Mn 3+ ions have shorter ones. To understand this fact, we analyze the 3d orbital occupation of MnO and also compare it with that of FeO double layers in LuFe 2 O 4 . Within the trigonal bipyramid crystal field, d orbitals of the Mn/Fe cation split into three energy levels: (i) the lowest doublet d xz and d yz , (ii) the doublet d xy and d x 2 Ày 2 , and (iii) the highest singlet d z 2 (30) . Figure 5 (A and  B) indicates that Mn 3+ and Mn 2+ have 3d 4 and 3d 5 configurations, respectively, which lead to a vacant d z 2 orbital for Mn 3+ and an occupied d z 2 orbital for Mn 2+ . Further, Fig. 5 (C and D) shows that the hybridization between Mn/Fe d z 2 and O tp p z forms one bond state with lowered energy and one antibond state with higher energy. For Mn 3+ O 5 with vacantd z 2 orbital, only the bond state is occupied, which thus results in short Mn-O tp bond. On the other hand, for Mn 2+ O 5 with occupied d z 2 orbital, both the bond and antibond states are occupied, which thus leads to long Mn-O tp bonds. This effect results in the noncentrosymmetric MnO double-layer structure shown in Fig. 5E . By contrast, Fe 3+ (3d 5 ) and Fe 2+ (3d 6 ) both have occupied d z 2 orbital, and thus, both occupied antibond state, which leads to centrosymmetric FeO double layer, as shown in Fig. 5F .
DISCUSSION
Note that, in our DFT calculations, decreasing the polarization of YMnO 3 layers does not affect the CO in MnO double layers. These facts, as well as the aforementioned special d orbital occupations in MnO double layers, strongly hint that the CO in YMn 2 O 4 is much more robust than that in LuFe 2 O 4 . Considering that the CO transition temperature of LuFe 2 O 4 is about 330 K, we thus expect the transition temperature of YMn 2 O 4 to be even higher (and thus above room temperature) (18) . Because bulk YMn 2 O 4 bulk sample does not exist, we have limited knowledge about its physical properties at macroscopic scale. However, thin-film growth techniques can be applied for the growth of a YMn 2 O 4 /YMnO 3 superlattice in future. We note that the magnetic properties can be enhanced markedly in a LuFe 2 O 4 /LuFeO 3 superlattice system, whereas LuFe 2 O 4 only has CO1 CO, which results in very small polarization. We expect that the realization of a YMn 2 O 4 /YMnO 3 system could not only improve its magnetic properties but also significantly increase its polarization, because the electric dipoles come from both the displacement of A- (10) , which is smaller than the lattice mismatch between YMnO 3 and Al 2 O 3 (about 22.4%) (8) . Unless the in-plane rotation mechanism detailed in the study of Cheng et al. (10) is occurring here, we expect the interfacial MnO double layer to also play a role in the strain relaxation of our whole system.
To sum up, in this work, by combining electron microscopy and ab initio calculations, we determined a novel reconstructed interfacial structure between Al 2 O 3 and YMnO 3 , as well as their CO. The distribution of valence states for the MnO double layer was studied both experimentally and theoretically. The ability to resolve the reconstructed heterojunctions enables us to reveal a new type of CO at atomic scale and discover novel properties with potential applications in a diverse range of scientific disciplines. Our results set a step forward for the exploration of emergent phenomena in manganite systems.
MATERIALS AND METHODS

Experimental design
The YMnO 3 /Al 2 O 3 films were grown by PLD method. Before deposition, the background vacuum of 7.5 × 10 −4 mtorr was maintained. Growth conditions were optimized at 850°C for the temperature, 5 Hz for the laser pulse frequency, and 100 mtorr for the oxygen partial pressure. The film with the thickness of 30 nm was grown in 15 min, which implies that the growth rate can be estimated to be of 0.0293 unit cells per second. After growth, the film was in situ-annealed: It was first heated up to 900°C and kept for 10 min to fully relax the interface stress and then cooled down at the rate of 5°C/min.
The electron microscopy experiments in this work were carried out at room temperature both at the National Center for Electron Microscopy in Beijing with FEI Themis 60-300 TEM equipped with unique high brightness field emission gun and double correctors and at the Brookhaven National Laboratory with a JEOL ARM 200CF microscope with double correctors. For HAADF images, the convergent angle is 21.2 mrad, and the collection angle is 67 to 275 mrad. The collection semi-angle for ABF images is from 11 to 22.4 mrad. The dual energy-loss spectrometers attached to the TEMs were used for the acquisition of EELS spectra. All the core-loss EELS spectra shown in this work have already been corrected by the zero-loss peaks. The TEM samples were fabricated in a traditional way, including cutting, polishing, and ion milling. The thickness of the area used for ABF imaging was estimated to be 18 nm.
DFT parameters
DFT calculations were performed using Vienna ab initio simulation package (31) . The generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof functional for solids (32) were used here. A 400-eV plane wave cutoff energy was used for all calculations along with the projector-augmented wave method (33) , with the Y (4s, 4p, 4d, and 5s), Mn (3d and 4s), and O (2s and 2p) electrons being treated as valence electrons. An effective Hubbard U = 4 eV was also used to treat the 3d electrons of Mn ions (7) . Moreover, a 3 × 3 × 1 k-point mesh was used for the considered supercells, and all Hellman-Feynman forces were imposed to be smaller than 0.01 eV/Å on each ion. Figures were prepared using the Visualization for Electronic and STructural Analysis (VESTA) software (34) . Note also that the starting structure of MnO double layers is taken from the R 3m phase of LuFe 2 O 4 and that we did not include the Al 2 O 3 substrate in the calculations due to the large lattice mismatch between YMnO 3 and this substrate. 
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